INTRODUCTION
During their entire life span plants encounter several abiotic stresses and also experience various complex environmental interactions comprising multiple factors. Plants have evolved with specific adaptive mechanisms to cope with stress conditions (Meena et al., 2017; Khan and Khan, 2017) . When plants are exposed to various stresses plant metabolism is disturbed (Massad et al., 2012; Khan et al., 2012 Khan et al., , 2013 Per et al., 2017 Per et al., , 2018 , which eventually affects the plants' growth and productivity up to .50% (Wang et al., 2003; Shao et al., 2008) . A crucial step in plants' stress tolerance mechanism to abiotic stress is the timely recognition of the stress signals and activation of the composite signaling cascades of defense in a specific and efficient manner (Chinnusamy et al., 2004; AbouQamar et al., 2009; Andreasson and Ellis, 2010; Khan et al., 2016) . To protect against different stresses, plants activate several specific stress-responsive mechanisms by perceiving the stress signals, then producing molecules through signal transduction by up/down regulation of the many sets of mechanisms and their genes (Wang et al., 2003; Per et al., 2017 Per et al., , 2018 . Products of stress-induced genes are classified into two major groups: (1) proteins, which directly protect against stresses include chaperones, Lea proteins, antifreeze proteins, and detoxification enzymes; and (2) some of which regulate gene expression and signal transduction pathways include transcription factors (TFs), protein kinases, and enzymes (Basu and Roychoudhury, 2014) . Among them, Hsps come under the umbrella of chaperones, which show important stress-related chaperone functions in plants under abiotic stress conditions (Hendrick and Hartl, 1993; Bartels et al., 2007; Reddy et al., 2010 Reddy et al., , 2014a Reddy et al., ,b, 2016 . Chaperones include specific stress-related proteins and are involved in protein synthesis, targeting, maturation, degradation, membrane stabilization, and protein renaturation (Reddy et al., 2014 (Reddy et al., , 2016 Díaz-Villanueva et al., 2015) . In the presence of abiotic stresses, there is an assembly of some chemical messengers that positively affects a plant's stimulus to the stresses and hence protects it from different aggressors (Pastori and Foyer, 2002; Rasmussen et al., 2013; Khan et al., 2015 Khan et al., , 2016 . Plants' reflex in adverse stress conditions is by altering the expression of a complex array of genes and elucidation of the biochemical and molecular pathways ( Fig. 32.1 ). Genes associated with these pathways have been the foremost focus of research over the last two to three decades and the mechanisms by which these genes and their products interact remain relatively less focused.
Commonly, Hsps shield cells from injury and assist in revival and endurance after a return to normal growth conditions (Al-Whaibi, 2011) . Under stress, by default Hsps play as molecular chaperones whereas under nonthermal stress their function can be changed (Timperio et al., 2008) . It is implied that Hsps play a consistent role as molecular chaperones by regulating the enfolding, aggregation, transport, and degradation of the proteins in the plants (Hu et al., 2009; Tripp et al., 2009; Gupta et al., 2010; Al-Whaibi, 2011; Reddy et al., 2010 Reddy et al., , 2016 . Based on their protein size, Hsps can be divided into five families that have been shown to have important stress-related chaperone functions in the plants (Tö rö k et al., 2001; Reddy et al., 2016) . Each Hsp family has a distinctive mechanism and the role of each family is summarized in the subsequent sections (Table 32 .1). Hsps' function in signal transduction has been established from experimental results that Hsp90 and Hsp70 proteins are associated with a number of signaling molecules, including v-Src, Raf1, Akt, and steroid receptor protein kinases like MAPK and Ca 12 (Sato et al., 2000; Nollen and Morimoto, 2002; Wang and Huang, 2017) . The components or signaling molecules and cochaperones of both ABA-dependent and independent signaling pathways that activate the TFs needs to be defined genetically for assessing whether a signaling pathway is specific to a particular stress or is involved in crosstalk with other pathways (Yoshida et al., 2014) . Signal transduction in plants under various environmental stresses have been divided into three major types, that is, (1) osmotic/oxidative stress signaling through MAP kinases, (2) Ca 12 -dependent signaling, and (3) reactive oxygen species (ROS) signaling (Xiong et al., 2002) . Resolving the mechanisms that control Ca 12 , MAPK, and ROS signaling in cells during abiotic stress can provide an efficient way to increase plant tolerance to the environmental stresses. These signaling mechanisms are emphasized more in the following sections pertaining to Hsps as well as the functionality of different Hsps and their crosstalk in different signaling mechanisms.
A GENERAL ACCOUNT ON HEAT SHOCK PROTEINS
Abiotic stresses induce a set of special class of proteins called heat shock proteins (Hsps) or stressinduced proteins (Reddy et al., 2016) . Based on their protein size, Hsps were classified into five subfamilies including small Hsp (sHsp), Chaperonins, Hsp70, Hsp90, and Hsp100 (Wang et al., 2004; Kotak et al., 2007; Gupta et al., 2010; Reddy et al., 2016) . Hsps are involved in maintaining the cellular equilibrium, protein conformation, preventing aggregation, and hence preserving the nonnative protein in a competent state for further remodeling, which is attained by other Hsps/chaperones (Lindquist, 1986; Wang et al., 2004) . The denatured or incorrectly folded proteins make aggregates, and they can be resolubilized by Hsp100/ Clp followed by refolding, or degraded by proteases (Mishra et al., 2016) . Some Hsps/chaperones (e.g., Hsp70, Hsp90) accompany the signal transduction and transcription switch on the synthesis of Hsps (Wang et al., 2004; Al-Whaibi, 2011) . The detailed role of each Hsp family is emphasized in the subsequent sections of this chapter.
Small Heat Shock Proteins
Small heat shock proteins (sHsps) have a unique alpha-crystallin domain (ACD) containing 80À100 amino acid residues located in the C-terminal region (Seo et al., 2006) . sHsps have several characteristic features including the degradation of the proteins that cannot fold back and ATP independent chaperonic function (Miernyk, 1999; Reddy et al., 2014 Reddy et al., , 2015 . The sHsps cannot refold nonnative proteins, but they can bind to partly folded or denatured substrate proteins and prevent permanent unfolding or incorrect protein aggregation (Sun et al., 2002) . Neoteric study revealed that under in vitro conditions, sHsp18.1 from Pisum sativum as well as the sHsp16.6 from Synechocystis sp. PCC6803 binds to unfolded proteins and allows further refolding by Hsp70/Hsp100 complexes (Mogk et al., 2003) . Studies in apple indicated that the mitochondrial sHsp protects the NADDH:ubiquinone oxidoreductase (complex I) during heat stress (Downs and Heckathorn, 1998) . AsHsp17 modulates the expression of photosynthetic genes through ABAdependent and independent signaling pathways (Sun et al., 2016) . In addition to abiotic stress, sHsps also play a role in biotic stress by associating with Hsp70/ Hsp40 chaperone complex (Rousch et al., 2004) . Another sHsp20 is known to specifically interact with I-2, which confers resistance to Fusarium oxysporum (Simons et al., 1998) .
Chaperonins
Hsp60 comes under chaperonins and is involved in facilitating the vast range of newly synthesized proteins, and translocates to organelles such as chloroplasts and mitochondria (Bukau and Horwich, 1998; Wang et al., 2004) . Plant chaperonins commonly play a major role in assisting the plastid proteins such as Rubisco (Tompa and Kovacs, 2010) . Hsp60 family proteins bind to different types of proteins after their transcription and prior to folding to avoid their aggregation (Parsell and Lindquist, 1993) . Arabidopsis chlCpn60a mutated species was shown to exhibit defects in chloroplast development and subsequently in the plant development (Apuya et al., 2001) . Antisense Cpn60b in transgenic tobacco plants showed drastic phenotypic alterations, including slow growth, delayed flowering, stunting, and leaf chlorosis (Zabaleta et al., 1994) . Hsp10 is a cochaperone that functions together with Hsp60 in an ATP-dependent manner and helps in folding, assembly, and sorting of proteins (Bukau and Horwich, 1998) . The Hsp60-Hsp10 complex enhances the osmotic as well as salt stress tolerance in transformed E. coli and yeast cells (Wang et al., 2004) .
Heat Shock Protein 70
The abundant Hsps present in eukaryotic cell is Hsp70 proteins. Hsp70 proteins play a role as chaperones for newly synthesized proteins to stop their accumulations as aggregates, and assist in accurate folding and help in translocation (Su and Li, 2008; Wang et al., 2014) . Hsp70 protein binds in an ATP-dependent manner to hydrophobic patches of moderate unfolded proteins and prevent protein aggregation (Mayer and Bukau, 2005; Reddy et al., 2010) . Hsp70 along with other Hsps behave as molecular chaperones and play an important role in protecting plant cells from the detrimental effects of abiotic stresses including heat stress (Rousch et al., 2004) . Hsp70-sHsp17.6 chaperone complex may play a role in cross adaptation to temperature stress induced by heat or cold pretreatment in grape plants (Zhang et al., 2008) . Under heat stress, Hsc70 cognates are essential for general cellular functions due to their involvement in the control of protein homeostasis, categorizing of proteins by interaction with mitochondrial and chloroplast protein import complexes, and making a connection to the proteasomal degradation pathway through ubiquitin (Hartl and Hayer-Hartl, 2002; Mirus and Schleiff, 2009) . Chaperone complex (SGT1b-Hsp70-Hsp90) with other client protein (COI1) helps in hormone signaling by stabilizing the client protein. The Came/AtBAG5/ Hsc70 signaling complex plays a pivotal role in modulating the plant senescence . Salicylic acid (SA) is a crucial molecule in signaling, which activates several plant defense mechanisms, and enhances the expression of Hsp70, which further helps in modulation of the heat shock response (HSR) in tomato seedlings (Cronjé et al., 2004) , tobacco protoplasts (Cronjé et al., 2004) , and seedlings of Arabidopsis. Another receptor that could straight away bind to mycobacterial Hsp70 is the chemokine receptor CCRS, which has a considerable significance for signaling cascades induced by Hsps (Floto et al., 2006) . Hsp70 protein forms guidance complex with other proteins and directs import bound to the protein precursor to be transferred through the membranes into the organelles such as chloroplast and mitochondria (JacksonConstan et al., 2001 ). Other studies indicate that Hsp70B found in the stroma of chloroplasts takes part in photoprotection and the repairing of photosystem II during and after the photoinhibition (Schroda et al., 1999) . Study on A. thaliana also indicated the necessity of Hsp70 found in the stroma of chloroplast for the differentiation of germinating seeds and its tolerance of heat stress (Su and Li, 2008) .
Heat Shock Protein 90
Hsp90 class proteins are the most abundant class of Hsps with B1% of total proteins in prokaryotic and eukaryotic cells. Hsp90 increases up to 4%À6% of total protein under elevated heat stress conditions (Wegele et al., 2004) . Hsp90 proteins majorly reside in the cytoplasm, and are rarely seen in the other organelles like endoplasmic reticulum (ER), mitochondria, and chloroplasts (Hao et al., 2010; . Hsp90 proteins are seen to interact and bind with Hsp70 in many chaperone complexes in signaling and trafficking (Pratt and Toft, 2003) . Hsp90 proteins are involved indirectly along with other proteins in the process of signal transduction. Hence, losing the activity may lead to different disturbances in cells. Hsp90 interacting proteins are categorized into three types, which include auxiliary proteins (cochaperones), regulatory factors (regulators), and substrate proteins (substrates) (Xu et al., 2012) . Accessory proteins are involved in the modulation of ATP enzymatic function of Hsp90s in cytoplasm and help in interactions between Hsp90s and the substrates (Johnson and Brown, 2009; Zuehlke and Johnson, 2010) . All Hsp90 proteins have the TPR-binding site in their structure and help in interaction of the TPR domain-containing proteins (Aviezer-Hagai et al., 2007) . Under control conditions, Arabidopsis ROF1 interacts with Hsp90 through the TPR domain and targets into the cytoplasm (Aviezer-Hagai et al., 2007) but under heat stress, ROF1-Hsp90 makes a complex with HsfA2 and migrates to the nucleus and regulates sHsp transcription to increase heat tolerance (Meiri and Breiman, 2009 ). In control state, A. thaliana Hsp90 negatively inhibited Hsf, but under heat stress modulated positively (Yamada et al., 2007) . The Hsp90-TIR1 module integrates the temperature and auxin signaling to regulate plant development (Wang et al., 2016) . Hsp90s chaperonic activity mainly depends on phosphorylation and stimulates heme to modulate heme-regulated inhibitor (HRI) through casein kinase II or secondary phosphorylation (Szyszka Kramer and Hardesty, 1989) . Hsp90s affect the folding and activation of a wide variety of substrate proteins, most of which are kinases and TFs involved in signal transduction and regulatory processes (Pratt et al., 2004; Krukenberg et al., 2011) . Hsp90 has also been seen to function in brassinosteroid (BR) signaling (Samakovli et al., 2014) . This highlights the importance of the Hsp90s' role in signaling of hormones in plants and animals. Gene silencing of RPS4 results in cell death, which is dependent on the three plant signaling components, EDS1, SGT1, and Hsp90 (Zhang et al., 2004) . These studies substantiate that Hsp90 is an important signaling component under abiotic stress conditions.
Heat Shock Protein 100
The Hsp100 family belongs to the AAA ATPase super family with a wide range of functional properties (Agarwal et al., 2001) . Besides playing a role in protein aggregation and misfolding, the Hsp100 families are seen to be crucial for disaggregation and/or degradation of proteins (Singh and Grover, 2010) . Removal of degraded polypeptides, which are harmful due to misfolding, accumulation, or denaturation is crucial for maintaining equilibrium of the cells. A characteristic activity of Hsp100 is a reactivation of accumulated proteins by resolubilization of nonfunctional protein aggregates as well as in assisting to degrade damaged and irreparable polypeptides (Parsell and Lindquist, 1993; Bö sl et al., 2006; Kim et al., 2007) . Hsp101 is also seen to be playing a crucial role in high temperature stress tolerance, which can be used in genetic engineering of plants. This may improve sustenance during situations of acute environmental stress (Queitsch et al., 2000) .
Heat Shock Transcription Factors
In the plant genome, B7% of the coding sequences constitute TFs and among them, the majority are of large gene families in comparison with their counterparts in animals and yeasts, such as Hsfs (Udvardi et al., 2007) . To survive under adverse conditions, plants have greater number of Hsfs in comparison with other systems like mammalian cells. Hsfs belong to a multigenic family with more than 21 in Arabidopsis (Scharf et al., 2012) , 24 in tomato (Fragkostefanakis et al., 2015) , 52 in soybean (Scharf et al., 2012) , and at least 56 in wheat (Xue et al., 2014) are anticipated and may be involved in stress responsiveness. Hsfs are seen to be involved in plant response to various abiotic stress conditions. Hsfs specifically bind to the heat stress elements (HSEs) present in the promoters of target genes, which further activate the genes (Baniwal et al., 2004; Sakurai and Enoki, 2010; Scharf et al., 2012) . In tomato, only two Hsfs, HsfA2 and HsfB1, are induced by heat (Scharf et al., 1990) , whose expression is modulated by HsfA1 (Mishra et al., 2002) . In fact, the interaction of HsfA2 with HsfA1 is required for the colocalization of HsfA2 into the nucleus (Scharf et al., 1998) . HsfA2 is the most predominant Hsf during heat stress conditions (Mishra et al., 2002) . Under heat stress, AtHsfA1d and AtHsfA1e together bind to the HSE cis-element of the AtHsfA2 gene and activate the AtHsfA2 expression (Nishizawa-Yokoi et al., 2011) . Hsfs playing a role in drought and salinity stresses are modulated by ABA-dependent and ABA-independent signaling pathways (Yoshida et al., 2008) . At high temperature, the expression of the Hsps is modulated by Hsfs (Saidi et al., 2011; Scharf et al., 2012) . Further, Hsfs translocate to the nucleus in heat stress where they bind to HSEs of respective promoter regions of Hsp genes (Voellmy and Boellmann, 2007; Scharf et al., 2012) . The alternative regulatory systems for the activation of different Hsp expression are seen to be operated in plants by modulating WRKY, DREB2A, and DREB2C TFs (Scharf et al., 2012) . Besides WRKY, there are more than 90 TFs in Arabidopsis that have the binding sites for CAM that comprise the Calmodulinbinding transcription activator (CAMTA). Expression of the genes coding to these proteins increases in response to heat conditions , but it is unknown if this increase is important for Hsp expression or not. HsfA2, HsfA3, and HsfA7a of Arabidopsis are considered as the strongest activators of HS transcription during recovery and are responsible for the heat-acclimation phenotype (Charng et al., 2007; Nishizawa et al., 2006; Schramm et al., 2008) . Some studies have also concluded that Hsfs play a role in the sensing of ROS. Mittler and Zilinskas (1992) and Storozhenko et al. (1998) have revealed the presence of a HSF-binding sequence in the 5ˈ region of the gene that codes for H 2 O 2 -scavenging enzyme Apx1. In addition, Hsf and HSE (PgApx1) specificity to each other and their expression profile shows a critical interlink in heat and oxidative stress signaling pathways, which are known to play an important part in understanding the mechanisms involved in plant abiotic stress tolerance (Reddy et al., 2009) . Furthermore, HsfA4A carries out the function of Arabidopsis H 2 O 2 under oxidative stress (Miller and Mittler, 2006) . HvHsfB2c is coexpressed in the main hub of sHsps and hence it may be modulating the expression levels of different sHsps in barley (Reddy et al., 2014) . DREB2A signaling is mediated by HsfA3, which again induces the expression of Hsfs (Schramm et al., 2008; Yoshida et al., 2008) . It has been shown that calmodulin is an essential component in Arabidopsis signal transduction, and with the help of a yeast two-hybrid assay, it has been demonstrated that calmodulin-binding protein kinase3 interacts with heat shock factor (Hsf) AtHsfA1a (Liu et al., 2008) . Wang and Huang (2017) also demonstrated that transcriptional regulation of HsfA2c-mediated heat tolerance involving lipid and calcium signaling pathways in tall fescue.
HEAT SHOCK PROTEIN INDUCTION PHENOMENA IN PLANTS
Hsp synthesis in plants, including rice, Medicago and tomato was qualitatively and quantitatively dependent on the type of condition and nature of tissue (Hernandez and Vierling, 1993; Pareek et al., 1998; Hu et al., 2009; Fragkostefanakis et al., 2015; Zhou et al., 2016) . A further study on expression of cytoplasmic class of proteins in leaves, flowers, and developing seed pods in Medicago sativa was carried out. Results indicated the recurrent formation of these proteins in flowers and buds, but no expression in the leaves (Hernandez and Vierling, 1993) . Heat stress is an increase in temperature for a short term at 37À38 C, which has no negative impact, but enhances the ability of plants to sustain the subsequent damaging heat treatment, termed heat shock; this phenomenon is known as induced or acquired thermotolerance (Saidi et al., 2011) . The induced thermotolerance of plants is seen to be dependent on the expression of Hsps. Plant Hsp101 is seen to play the main role in induced thermotolerance (Queitsch et al., 2000) . Expression of Hsp90 in rice plant indicated that the Hsp90 was present after 2 h of heat stress (from 28 C to 45 C), and its quantity was high and stable even after heat stress (4 h) and after return to normal conditions. It was also found that Hsp90 (Hsp85 and Hsp87) could be induced by other than heat stress, such as salinity, drought, and cold (Pareek et al., 1998) . Hsp100/ClpB proteins tend to interact tightly with sHsps that are incorporated into the protein aggregates under heat shock, thus promoting the disaggregation activity of Hsp100/ClpB (Rikhvanov et al., 2007) . Hu et al. (2009) examined a global expression profiling with heat stressed rice seedling, and then compared the results with the previous rice data under cold, drought, and salt stresses. They found that Hsps and Hsfs might be important molecules in crosstalk of different stress signal transduction networks. The expression of Hsps and its factors' Hsfs was induced largely by heat, cold, salinity, and osmotic stresses. The response to other stress factors depended on protein class and tissue. For example, under stress, high expression response for class Hsp20 was recorded with high similarity of their information. Wounding the roots of the plant stimulated (after 12 h) the expression of several genes, including Hsp20, Hsp70, and Hsp100. High expression of Hsps and Hsfs was observed under UV-B stress in aerial tissues (shoot), but in nonaerial tissues (root system) there was no expression (Swindell et al., 2007) .
ABIOTIC STRESSES INDUCE THE HEAT SHOCK PROTEINÀMEDIATED SIGNALING PATHWAYS
Abiotic stress response of plants is governed through the signaling pathways knitted at the cellular as well as molecular levels (Knight and Knight, 2001 ). Perception of abiotic stress initiates the signals that activate downstream signaling cascades and transcriptional controls and simultaneous pathways (Wang et al., 2003; Vij and Tyagi, 2007) . The first step in the signal transduction pathway is the perception of the signal, which is carried out by receptors/sensors as phytochromes, histidine kinases and receptor-like kinases, G-protein-coupled receptors, and hormones. And then, secondary signaling molecules such as inositol phosphatase, ROS, and ABA are produced. Eventually, the secondary moleculemediated modulation of intracellular Ca 21 level activates protein phosphorylation cascades (i.e., MAP kinases, CDP kinases, protein phosphatase, SOS3/protein kinase, etc.), TFs, and stress-responsive genes (Boguszewska and Zagdańska, 2012; Gong et al., 2013) . For genetically engineering stress tolerance traits in plants, proper insights of both endpoints and the precession are required for signaling pathways (Chinnusamy et al., 2004; Akpinar et al., 2012) . Taking into account the first principle concepts and the developments of late, succeeding sections briefly give an insight into the significance of ROS, calcium and calcium-regulated proteins, and MAPK cascades in signaling pathways in plants under different abiotic stresses. The different signaling molecules and varied Hsps and Hsfs activated in response to elevated temperatures are given in Table 32 .2. 
Reactive Oxygen Species
ROS and its reaction products are the most significant second messengers that actively participate in stress signal transduction (Gong et al., 2013; Chakradhar et al., 2017; Khan and Khan, 2017) . ROS have been credibly evidenced to play a significant role in signaling, redox-sensing mechanisms, and plant survival under abiotic stresses (Mittler, 2002; Mittler et al., 2004 Mittler et al., , 2008 Mittler et al., , 2010 Gill and Tuteja, 2010 Khan et al., 2016) . Though little information is available on ROS-mediated induction of the redox-sensing mechanisms and the associated signaling pathways, the contribution of ROS-induced signaling in the activation of defense genes and subsequent stress tolerance/specific acclamatory responses has been widely accepted (Å slund et al., 1999; Goyer et al., 2002; Locato et al., 2009) . Researchers provided the clues in support of H 2 O 2 as a central metabolite and diffusible signal that has the capacity to induce a number of defense related genes (Chen et al., 1993; Prasad et al., 1994) . Chloroplastic ROS contributing to the signaling cascade of the Hsp genes were not affected by apoplastic H 2 O 2 or H 2 O 2 produced by the plasma membrane (Scarpeci et al., 2008) . Increase in temperature would enhance the mitochondrial production of ROS in plant cells (Pucciariello et al., 2012; Suzuki et al., 2012; Kreslavski et al., 2012 ). An increase in mtΔψ (potential difference across the inner mitochondrial membrane) (Rikhvanov et al., 2007; Pyatrikas et al., 2014; Pavlova et al., 2009; Pulyaevskaya et al., 2011) and ROS production (Saidi et al., 2011; Volkov et al., 2006; Miller and Mittler, 2006) is essential for the activation of Hsp expression under heat stress. Inhibitors and uncouplers of mitochondria suppress the increase in mtΔψ and inhibit the activation of the Hsp expression at elevated temperatures, even though these agents sometimes activate Hsp expression in the absence of heat stress (Rikhvanov et al., 2007; Pyatrikas et al., 2014) . Likely, the addition of antioxidants inhibits Hsp expression under heat stress (Volkov et al., 2006; Saidi et al., 2011; Mittler et al., 2012) . Production of ROS under heat stress is probably associated with changes in [Ca 21 ] cyt and with hyperpolarization of the mitochondrial membrane. On the other hand, the rate of ROS generation in mammalian mitochondria is known to enhance with an increase in mtΔψ (Korshunov et al., 1997) . Similar concepts can be applied to plant cells. The increase in mtΔψ induced by extracellular ATP (Sun et al., 2012) and camptothecin (Weir et al., 2003) stimulated ROS production, whereas the protonophore CCCP known to diminish mtΔψ inhibited this process. Hence, mtΔψ level can be among the factors determining ROS formation under heat stress. Apparently, plant cell mitochondria participate in the regulation of Hsp expression by controlling not only the [Ca 21 ] cyt level but also ROS generation. This also shows the crosstalk between different signaling pathways in the regulation of Hsps.
Mitogen Activated Protein Kinases
Mitogen activated protein kinases (MAPKs) are the best-studied plant protein kinases that connect different receptors/sensors to cellular and nuclear responses (Tena et al., 2001; Sinha et al., 2011) . The MAP kinase pathways facilitate signal transduction from the surface of the cell to the nucleus and are extensively used as osmolarity signaling modules. The environmental Saidi et al. (2009) signals are initially perceived by specific receptors, which on being activated initiate a cascade to transmit the signal intracellularly and activate nuclear TFs to induce expression of specific target genes. Evidence shows that plants quickly activate MAPK when exposed to multiple abiotic stress stimuli (Kiegerl et al., 2000; Ligterink and Hirt, 2001) . MAPKs are dual function kinases that are stimulated through phosphorylation of their two amino acids in sequential order, starting from the MAPK kinase kinase (MAPKKK) to MAPK kinase (MAPKK) to MAPK ( Fig. 32.2) . A series of subfamilies (i.e., MAP4K, MAP3K, MAP2K, MAPK) are chronologically activated in this MAPK cascade as a result of various environmental stimuli that in turn activate TFs like Hsf, phospholipases, or microtubuleassociated proteins, and the expression of Hsps (Wang et al., 2003; Sasabe et al., 2006) (Fig. 32.2) . MAPK modules in plant tolerance to abiotic stress is illustrated, in which a tobacco MAPKKK ANP orthologue, NPK1, was expressed in an active form in Arabidopsis thaliana. NPK1 mediates H 2 O 2 regulated gene expression in plants (Kovtun et al., 2000) . In Arabidopsis, MAPK6 targets AtHsfA2, phosphorylates it on T249, and changes its intracellular localization under HS conditions (Evrard et al., 2013) . AtHsfA4A interacts with the MAP kinases MPK3 and MPK6 and is phosphorylated in vitro on three distinct sites, with Ser-309 being the major phosphorylation site (Pérez-Salamó et al., 2014). Nishizawa-Yokoi et al. (2010) described that AtHsfA2 was regulated by the accumulation of polyubiquitinated proteins generated by the inhibition of 26S proteasome and AtHsp90.
Calcium and Calcium-Regulated Proteins
In plants, Ca 21 serves as an important, ubiquitous second messenger and regulates many physiological processes (Tuteja and Sopory, 2008; Tuteja, 2009; Boudsocq et al., 2010) . Ca 21 channels, pumps, and exchangers (carriers) control the plant Ca 21 homeostasis maintenance under a variety of stimuli through the regulation of diverse Ca 21 transport systems (Gong et al., 2013; Boudsocq et al., 2010; Kudla et al., 2010) . In addition, reduction in Ca 21 mobility, localization, and spatial concentration elevations are facilitated by the abundance of buffering Ca 21 sensors (Dodd et al., 2010 induced modification to target proteins ( Fig. 32.3 ). Activation and inactivation of Hsf are determined by the degree of its phosphorylation and dephosphorylation, because of which it should be clear that Ca 21 activates Hsf indirectly, by modulating the activity of protein kinases and phosphatases (Voellmy and Boellmann, 2007) . Serine residue phosphorylation at position 230 leads to transcriptional activity of a human Hsf1. This process is carried out by Ca 21 /CaM dependent kinase II (CaMK II) (Holmberg et al., 2001 (Fig. 32.3) . It is seen that CBK3 phosphorylated HsfA1a (Liu et al., 2008) , while CPK3 and CPK13 phosphorylated HsfB2a (Kanchiswamy et al., 2010a; Kanchiswamy et al., 2010b) , which activated Hsp expression in heat stressed A. thaliana. MAP kinase (HAMK), which is activated by heat, may also be involved in Hsf phosphorylation. HAMK was shown to be a Ca 21 dependent kinase and activated under heat stress in cultured tobacco cells, which is necessary for the expression of Hsp70 (Suri and Dhindsa, 2008) . Dephosphorylation of certain serine residues in Hsf also leads to its activation. In A. thaliana dephosphorylation is performed by serine/threonine phosphatase PP7. It was shown that PP7 interacts with both CaM and Hsf. A mutation in PP7 gene inhibited the expression of Hsps under heat stress . It is not excluded that the ability of Hsp70 and Hsp90 to regulate Hsf activity (Sun et al., 2000) . Although Hsp90 is devoid of such site, its activity can be modulated by adapter proteins possessing the CaM binding site (Meiri and Breiman, 2009; Saidi et al., 2011; Mittler et al., 2012) . Activation of Hsps through calcium ion in heat stress conditions sustains the plants in heat stress conditions (Fig. 32.3 ).
CROSSTALK BETWEEN REACTIVE OXYGEN SPECIES, MITOGEN ACTIVATED PROTEIN KINASES CASCADES, CA
12 AND HEAT SHOCK FACTOR/HEAT SHOCK PROTEINS Abiotic stresses are perceived by different signaling mechanisms, among which few are specific, and some may have crosstalk at different stages. Intricate teamwork and interaction of signaling mechanism is adopted by abiotic-stressed plants to perceive transducer stress signals and finally to transduce stress responses. ROS, TFs, Ca 21 and Ca 21 -regulated proteins, and MAPK cascades are credibly being evidenced to sport a significant role in plant abiotic stress signaling cascades. Induction of changes in Ca 21 in the cytosol is observed with hormonal signals (Poovaiah et al., 1993) . The initiation of MAPK in plants has also been reported to be evoked by H 2 O 2 (Desikan et al., 2001; Grant et al., 2000; Neill et al., 2002; Song et al., 2008; Palavan-Unsal and Arisan, 2009 ). Involvement of Ca
21
-dependent MAPK pathways in signaling of abiotic stress in plant cells is also known (Wurzinger et al., 2011) . However, although much has been attained in the area of plant abiotic stress signaling pathways, efforts should be made with the assistance of powerful molecular tools, including transcriptome and proteome analysis, to understand more about molecular mechanism(s) underlying ROS and Ca 21 sensing and signal transduction.
Hsp as well as Hsfs are the most important factors in crosstalk between various stress signaling transduction networks as understood through the comparative study of global expression profiling in heat, salt, and drought stresses in rice seedlings (Hu et al., 2009) . A number of recent studies have shown proofs in context to interrelations among Hsfs, Hsps, ROS, and ROS scavengers under heat stress conditions. To activate Hsfs directly, elevated temperatures enhance the accumulation of ROS, which again activates Hsfs, either straight away or indirectly through triggering the MAPK pathway. The Hsfs tend to bind to HSE in the 5ˈ upstream region of different genes like Hsf, Hsp, miRNA398, and ROS scavenging genes. The miRNA398-dependent repression of SOD scavengers may have a role in the quick ROS accumulation upon exposure to heat. This supports the triggering of Hsfs, which then boosts induction of the heat stress response in a lower duration. sHsp protein plays a crucial part in safeguarding PSII and PSI during chilling stress in low illumination in tobacco (Guo et al., 2007) . These findings suggest that Hsps are not active only in heat stress, but are also active in other stresses by activating a cascade of signaling reactions. In the longer term, the induction and stabilization of other scavengers would start to suppress ROS levels to avoid excessive cellular damage.
GENETIC ENGINEERING OF HEAT SHOCK PROTEINS SIGNALING MOLECULES
Different approaches have been made to produce stress resistant plants for tackling global warming. The molecular mechanism of abiotic stress tolerance depends on activation and modulation of genes that are related to specific stress conditions. Abiotic stress sustenance in plants can be achieved by the combination of molecular and traditional plant breeding (Wang et al., 2003; Vinocur and Altman, 2005) and alternatively through forward and reverse genetic approaches (Lavania et al., 2015; Driedonks et al., 2015; Usman et al., 2014; Reddy et al., 2016) . There is much evidence that shows that a broad conservation of the Hsp/ chaperone web as a multiple stress defense mechanism admits all land plants. Indeed, plant alteration was shown to be strongly dependent on Hsps as shown from the diversification of the Hsp families. Proteomic and genomic studies have also revealed a positive correlation between the expression of Hsps and tolerance to different abiotic stress conditions. Transgenic plants that are overexpressing either of Hsps or Hsfs possess enhanced antioxidant activities, higher osmolyte levels, and higher expression of the stress inducible genes, which is indicative of the activation of different stressresponsive mechanisms by Hsps and their role in the cross stress tolerance of the plants (Li et al., 2012; Lee et al., 2012; Zhou et al., 2012b; Zou et al., 2012; Mu et al., 2013; Song et al., 2014; Wang et al., 2015; Masand and Yadav, 2016; Wan et al., 2016) . Overexpression and knockout studies showed Hsp70 plays a protective role during dehydration stress in tobacco, soybean, and citrus . OsAhl1 of rice was shown to directly induce Hsp101 and Hsp90 expression leading to drought resistance . OsHsp90-2 and OsHsp90-4 were also seen to be upregulated under drought, cold, heat, and salt stresses . OsHsp90-2, when introduced in E. coli, was sufficient to induce resistance to heat, huge salinity conditions, and drought Zhang et al., 2016) . Similar regulations of these Hsfs and Hsps were seen in tomato in stimuli to heat, drought, and salinity (Fragkostefanakis et al., 2015) . In wheat, overexpression of Triticum HsfA6f was demonstrated to direct the expression of several Hsps, leading to thermotolerance (Xue et al., 2014) . Increased expression of soybean GmHsp90s decreases the destruction of abiotic stresses in Arabidopsis thaliana . The expression of ZmHsf06 (Zea mays) is sufficient to confer heat and drought stress resistance in Arabidopsis. Identification of Hsf signaling from monocots to dicots definitely shows an intense preservation of Hsp-based multiple stress responses in crops.
Hsps repair the structure of the protein and the target at incorrectly aggregated and nonnative proteins for removing it out of the cells (Cho and Hong, 2006) . It was found that both the overexpression of Hsc70 and the use of a dominant negative (DN) form of Hsp90 disrupted ABA-mediated stomata closure, thereby negatively affecting water loss in stress conditions. The targets of Hsp90 and Hsc70 are not known yet, but must be downstream of SnRK2 as it was fully activated after ABA treatment, despite the use of an Hsp90 inhibitor (Clément et al., 2011) . NtHsp70-1 is one among such proteins, which is constitutively overexpressed in tobacco to find out its role in plant drought response and tolerance. The tolerance of transgenic seedlings to drought was enhanced and their optimum water content was sustained after drought stress (Cho and Hong, 2006) . Hsp24 from Trichederma was seen to develop significantly higher resistance to salt, drought, and heat stress in yeast (Liming et al., 2008) . Expression of the CaHsp26 gene in transgenic tobacco showed that the mRNA accumulation of CaHsp26 was triggered by heat stress (Guo et al., 2007) . Overexpression of soybean GmHsfA1 can increase the thermotolerance of transgenic soybeans because of the activation under HS of downstream genes, such as GmHsp70, GmHsp22, and other GmHsps (Zhu et al., 2006) . HsfA2 has been identified to be the dominant Hsf in tomato and Arabidopsis based on its high activator potential for transcription of Hsp genes and the strong accumulation under conditions of long-term HS or repeated cycles of HS and recovery (Mishra et al., 2002; von Koskull-Dö ring et al., 2007) . Studies on tomato HsfB1 with a variant of lysine residue that was replaced by its Arabidopsis counterpart showed that HsfB1 and HsfB2b may promote the activity of HsfA1 under HS conditions by repressing Hsps that interfere with the nuclear migration of HsfA1s, an activator of the early HS response (Ikeda et al., 2011) . In Arabidopsis, overexpression of RcHsp17.8 enhanced the SOD activity (Jiang et al., 2009 ) whereas overexpression of ZmHSP16.9 in tobacco enhanced POD, CAT, and SOD activity (Sun et al., 2012) . Overexpression of the LeCDJ1 DnaJ protein-coding gene also known as J-protein or Hsp40 (Qiu et al., 2006) in tomato resulted in improved thermotolerance, accompanied by increased Apx and SOD activity after heat stress and reduced accumulation of O 2 2 and H 2 O 2 . Also, tomato plants overexpressing the DnaJ/Hsp40 LeCDJ1 showed both higher heat and chilling tolerance (Kong et al., 2013 (Kong et al., , 2014a and overexpression of BRZ-INSENSITIVE-LONG HYPOCOTYLS 2 (BIL2), a mitochondrial-localized DnaJ/Hsp40 family member, enhanced resistance against salinity and high light stress (Bekh-Ochir et al., 2013) . Zhang et al. (2009) could demonstrate that AtCaM3 knockout mutant plants in Arabidopsis were more sensitive to heat stress, whereas high expression of CaM3 showed enhanced thermotolerance. Moreover, CaM3 is supposed to be involved in the activation of Hsfs shown by electrophoretic mobility-shift assays, real-time quantitative reverse transcriptionÀpolymerase chain reaction, and Western-blot analyses . HsfA3 helps in DREB2A signaling inducing the expression of Hsfs (Schramm et al., 2008; Yoshida et al., 2008) . The multiprotein bridging factor1c (MBF1c) modulates several genes, including DREB2A and two classes of B Hsfs. MBF1c overexpression in plants revealed increased tolerance to heat, osmotic, and biotic stress (Bechtold et al., 2010; Suzuki et al., 2005 Suzuki et al., , 2011 .
Overexpression of Hsf3 in Arabidopsis has shown enhanced functionality of Apx at the time of postheatstress recovery and expressed solid induction of Apx2 in comparison with the wild-type Arabidopsis (Panchuk et al., 2002) . In a knockout Apx1, crops accumulated H 2 O 2 in mild light stress in which Hsf21 was seen to be increased in light stress initial stages (Davletova et al., 2005a , Pnueli et al., 2003 . When wild-type cells are put on with H 2 O 2 , accumulation of transcripts that encode for Hsf21 are seen to be aggregated (Davletova et al., 2005b) . A variant of Hsf21 showed reduced expression of Zat12, which is a H 2 O 2 -responsive zinc finger protein wanted for expression of Apx1 in transgenic plants (Davletova et al., 2005a) . From these studies, the critical function of Hsfs in initial sensing of H 2 O 2 and Apx1, Apx2, and Zat12 expression is revealed.
CONCLUSIONS AND FUTURE PERSPECTIVES
The ubiquitous role of Hsps is seen in stabilization of proteins and maintaining the homeostasis in the cell. Heat stress muddles cellular homeostasis, which leads to developmental aberrations, growth retardation, and eventually plant death in some cases. Heat stress acts initially upon the quaternary structure of the folding protein, activity of which is lost due to exposure to elevated temperatures, which have deleterious effects on plant metabolism. This results in the removal of connections between the signaling pathways. In this context, further elucidation is required to understand how plants better respond to heat and other major abiotic stresses from the physiological and molecular perspectives. Still, we need to understand precisely how Hsps/chaperones participate in sensing, translocation of immune receptors, signal transduction, and transcriptional activation of several stress genes.
Hence, first what needs to be focused upon is understanding the way plants respond to heat stress and utilizing this knowledge in the development of thermotolerant crops.
Many abiotic stress signaling components have been identified from mutants or functional genomic studies. Still, there is only a fragmentary view of understanding the abiotic stress signaling pathways. Functional genomics approaches by forward and reverse genetics will continue to be imperative to break through these complex pathways. Conventional genetic screens have yielded immensely important insight into stress signal transduction; this approach may ultimately be limited due to functional redundancy of components within the signaling pathways. Molecular screens based on reporter genes are a better way to identify upstream signaling components that control subsets of responses that may not manifest as visible tolerance phenotypes. Detailed characterization of mutant phenotypes will provide an indication if a signaling component function is in a specific pathway or is involved in multiple pathways. Analysis of spatial and temporal expression patterns, in combination with biochemical analysis, will be required to firmly establish specificity or crosstalk of the signaling mechanisms and their pathways.
More elucidation is required to explore opportunities to better understand how plants respond to major abiotic stresses and their cross connectivity. Multiple genes affected under abiotic stresses imply that there could not be a single marker for protection against stress. There is a lot of crosstalk taking place between various hormonal pathways, and the exact nature of this crosstalk during simultaneous biotic and abiotic stress is yet to be investigated. Researchers should look forward for defined set of markers to predict tolerance towards a particular stress with a definite degree of affirmation. Though much has been achieved in the context of plant abiotic stress signaling pathways, efforts should be made with the aid of powerful modern molecular tools, including transcriptomic and proteomics technologies, to get more insights into molecular mechanism(s) underlying various signaling cascades, that is, ROS and Ca 21 sensing signal transduction pathways. Mutations or edits enhancing Hsf/ Hsps expression or activity undoubtedly are valuable targets to engineer multi-stress resistant crops through recently discovered CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat-CRISPR associated 9) system and TILLING (targeted induced local lesion in genomes), which would allow a rapid technology transfer in crops.
